The actin cytoskeleton controls multiple cellular functions, including cell morphology, movement, and growth. Accumulating evidence indicates that oncogenic activation of the mitogen-activated protein kinase kinase/extracellular signalregulated kinase 1/2 (MEK/ERK1/2) pathway is accompanied by actin cytoskeletal reorganization. However, the signaling events contributing to actin cytoskeleton remodeling mediated by aberrant ERK1/2 activation are largely unknown. Mutant B-RAF is found in a variety of cancers, including melanoma, and it enhances activation of the MEK/ERK1/2 pathway. We show that targeted knockdown of B-RAF with small interfering RNA or pharmacological inhibition of MEK increased actin stress fiber formation and stabilized focal adhesion dynamics in human melanoma cells. These effects were due to stimulation of the Rho/Rho kinase (ROCK)/LIM kinase-2 signaling pathway, cumulating in the inactivation of the actin depolymerizing/severing protein cofilin. The expression of Rnd3, a Rho antagonist, was attenuated after B-RAF knockdown or MEK inhibition, but it was enhanced in melanocytes expressing active B-RAF. Constitutive expression of Rnd3 suppressed the actin cytoskeletal and focal adhesion effects mediated by B-RAF knockdown. Depletion of Rnd3 elevated cofilin phosphorylation and stress fiber formation and reduced cell invasion. Together, our results identify Rnd3 as a regulator of cross talk between the RAF/MEK/ERK and Rho/ROCK signaling pathways, and a key contributor to oncogene-mediated reorganization of the actin cytoskeleton and focal adhesions.
INTRODUCTION
Oncogene-mediated alterations in the actin cytoskeleton and focal adhesions play an important role in promoting tumor cell motility and invasion. A recently identified oncogene is the serine/threonine kinase B-RAF (Davies et al., 2002; Wellbrock et al., 2004) . Mutations in B-RAF have been found in ϳ70% of melanomas, 35% of thyroid carcinomas, 14% of borderline ovarian cancers, and 11% of colorectal cancers (Davies et al., 2002; Rajagopalan et al., 2002; Kimura et al., 2003) . The most common mutation encodes for a glutamic acid substitution (V600E) within the activation loop of B-RAF, resulting in enhanced activation of B-RAF and the mitogen-activated protein kinase kinase/extracellular signal-regulated kinase 1/2 (MEK/ERK1/2) pathway (Davies et al., 2002) . A higher proportion of B-RAF mutations are present in invasive, vertical growth phase (VGP) tumors (62%) compared with noninvasive radial growth phase tumors (10%) (Dong et al., 2003) . Furthermore, B-RAF V600E and MEK activity have been shown to be required for melanoma cell invasion in vitro (Huntington et al., 2004; Sumimoto et al., 2004) . However, the mechanisms underlying B-RAF regulation of tumor invasion are incompletely understood.
Rho GTPases are key regulators of the actin cytoskeleton and focal adhesions. RhoA/B/C (hereafter collectively referred to as Rho) enhance actin stress fiber formation via multiple effectors (Ridley and Hall, 1992; ChrzanowskaWodnicka and Burridge, 1996) . One effector pathway involves the serine/threonine kinases, Rho kinase (ROCK)I/II, which increase actin polymerization by inhibiting the actinsevering activity of cofilin via LIM kinases-1/2 (Ohashi et al., 2000a) . ROCKs also promote myosin-mediated cross-linking of actin filaments through increasing myosin light chain phosphorylation (Kimura et al., 1996) , although recent studies indicate that ROCKI and ROCKII elicit distinct effects on the actin cytoskeleton (Yoneda et al., 2007) . Independently of ROCKs, Rho also promotes actin polymerization through binding and activation of the formin protein mDia1 . Notably, alterations in the control of Rho GTPases have been linked to cancer (Jaffe and Hall, 2005) .
Other Rho GTPase family members counterbalance Rho activity (Aspenstrom et al., 2004) . In particular, Rnd3/RhoE/ Rho8 (referred to as Rnd3) has been shown to antagonize Rho/ROCK signaling and to disrupt actin stress fibers and focal adhesions in fibroblast and epithelial cells (Guasch et al., 1998; Nobes et al., 1998; Aspenstrom et al., 2004; Chardin, 2006) . These effects of Rnd3 have been attributed to enhanced activity of p190RhoGAP (Wennerberg et al., 2003) and inhibition of ROCKI (Riento et al., 2003) . The influence of Rnd3 on actin cytoskeletal organization has been implicated in the regulation of cell migration (Guasch et al., 1998) and invasion (Gadea et al., 2007) . In addition, Rnd3 may also play an important role in cell transformation (Hansen et al., 2000; Villalonga et al., 2004) and ROCK-mediated apoptosis (Ongusaha et al., 2006) .
In this study, we provide evidence that mutant B-RAF in melanoma cells disrupts actin cytoskeletal organization and focal adhesion dynamics through control of Rho GTPase 
Plasmids, Transfections, and Infections
The following plasmids were used in this study: pRc-CMV-C3 encoding the C3 transferase exotoxin (Sekine et al., 1989 ; kindly provided by Dr. Jeffrey Settleman, Massachusetts General Hospital, Boston, MA); HA-tagged wildtype and kinase-dead versions of LIM kinase-1 and -2 in pcDNA3 (Sumi et al., 1999 ; kindly provided by Drs. Toshikazu Nakamura and Tomoyuki Sumi, Biomedical Research Center, Osaka University, Osaka, Japan); myc-tagged nonphosphorylatable S3A cofilin in pcDNA3 (Arber et al., 1998 ; kindly provided by Dr. Pico Caroni, Friedrich Miescher Institute, Basel, Switzerland); green fluorescent protein (GFP)-vinculin (Balaban et al., 2001 ; kindly provided by Dr. Benjamin Geiger, Weizmann Institute of Science, Rehovot, Israel); glutathione transferase (GST)-rhotekin Rho binding domain (RBD) (Ren et al., 1999 ; kindly provided by Dr. Martin Schwartz, University of Virginia, Charlottesville, VA), pFL-mDia1N1 encoding the Rho-binding domain of mDia1 ; kindly provided by Dr. Shuh Narumiya, Kyoto University, Kyoto, Japan); and myc-tagged Rnd3 in pRK5-myc (Aspenstrom et al., 2004 ; kindly provided by Dr. Pontus Aspenströ m, Uppsala University, Uppsala, Sweden). For transient transfections, cells were grown to 50 -60% confluency, and then they were transfected with expression plasmids using TransIT-LT1 reagent (Mirus Bio, Madison, WI) in complete medium, according to manufacturer's instructions. Cells were processed 36 h after the start of the transfection, unless otherwise indicated.
Adenoviral infections were performed as described previously (Bhatt et al., 2005) . The delta B-RAF-ER* cDNA in pBabepuro3 was a generous gift from Dr. Martin McMahon (Cancer Research Institute and Department of Cellular and Molecular Pharmacology, UCSF, San Francisco, CA). Delta B-RAF-ER* expresses an N-terminally truncated active form of B-RAF fused to a modified (G525R) estrogen receptor hormone domain (McMahon, 2001 ). The delta B-RAF-ER* sequence was subcloned into pAdTrack vector, and recombinant adenovirus was generated (Bhatt et al., 2005) . NHEMs were infected with either pAdTrack that encodes GFP or pAdTrack delta B-RAF-ER* for 12 h and treated with 1 M tamoxifen (Sigma-Aldrich) for 18 h.
RNA Interference
B-RAF #1 small interfering RNA (siRNA) to knockdown total B-RAF and B-RAF V600E siRNA designed to target B-RAF harboring the V600E mutation have been described previously (Calipel et al., 2003; Boisvert-Adamo and Aplin, 2006) . Two different siRNA duplexes targeting Rnd3 were used: Rnd #1 (CUACAGUGUUUGAGAAUUAUU) and Rnd #2 (GCGGACAGAUGUUAG-UACAUU) (Dharmacon RNA Technologies, Lafayette, CO). The nontargeting siControl #1 was also used (Dharmacon RNA Technologies). The siRNAs were transfected into melanoma cells at a final concentration of 25 nM, using Oligofectamine (Invitrogen, Carlsbad, CA). After transfection, cells were cultured for an additional 72 h in complete medium, and then they were processed for further analysis.
Site-directed Mutagenesis
A siRNA-resistant version of B-RAF V600E (B-RAF V600E *) was constructed from pEF-myc-B-RAF V600E donated by Dr. Richard Marais (Institute of Cancer Research, London, United Kingdom) (Davies et al., 2002) . pEF-myc-B-RAF V600E was mutated via inverse-polymerase chain reaction (PCR) mutagenesis by using forward primer ATCGCGATCTCAAGAGTAATA-ATATATTTCTTCAT and reverse primer GGATGATTGACTTGGCG-TGTAAGTAA (underlined bases signify silent mutations intended to disrupt siRNA:mRNA interactions). The PCR-generated amplicons were cleaned with GeneClean kit (Qbiogene, Irvine, CA) and treated with PNK (MBI Fermentas, Hanover, MD) following manufacturer's protocol. DNA was treated with T4 DNA ligase (Invitrogen) and used to transform competent DH5␣ cells. Colonies were screened by complete DNA sequencing to verify proper mutagenesis.
Imaging
Cells on glass coverslips were washed with phosphate-buffered saline (PBS), fixed with 3.7% paraformaldehyde for 20 min, permeabilized with 0.2% Triton X-100 for 5 min, and blocked in 1% bovine serum albumin (BSA)/PBS for 2 h at room temperature. Coverslips were then incubated with primary antibodies diluted 1:200 in 1% BSA/PBS overnight at 4°C. Coverslips were washed three times with PBS before incubation with appropriate Alexa Fluor-conjugated secondary antibodies (Invitrogen), diluted 1:1000; for 1 h at room temperature. In some instances, the coverslips were incubated with tetramethylrhodamine B isothiocyanate (TRITC)-conjugated phalloidin (SigmaAldrich) diluted 1:2000 in 1% BSA/PBS for 1 h to visualize F-actin. Coverslips were mounted using Gel/Mount (Biomedia, Foster City, CA). An Olympus BMX-60 microscope equipped with a cooled charge-coupled device (CCD) sensi-camera (Cooke, Auburn Hills, MI) was used to examine samples. Images were acquired using Slidebook software (Intelligent Imaging Innovations, Denver, CO).
The percentage of cells displaying alterations in cytoskeletal organization was determined in cells costained for F-actin and the appropriate epitope-tag. Quantitation was determined from counting at least 200 transfected cells from multiple experiments, and these cells were compared with cells expressing GFP. Focal adhesion numbers and size were quantified using Image-Pro Plus software (Media Cybernetics, Silver Springs, MD). An integrated morphometric analysis was performed on images to select objects of a size range of 0.1 Յ n Յ 100 m 2 as focal adhesions based on the anti-vinculin staining. Focal adhesion turnover was examined using previously described methods (Webb et al., 2004) . In brief, subconfluent WM793 cells treated with siRNA for 72 h were transfected with a GFP-vinculin expression plasmid for an additional 24 h. Cells were then imaged using an Olympus BMX-60 inverted microscope. Images were acquired every 2 min over a 20-min interval with a cooled CCD sensi-camera using Image-Pro Plus software. GFP-vinculin containing adhesions were monitored by marking the position of each adhesion at the initial frame and by monitoring its dynamics throughout the experiment.
Cellular Invasion
The polycarbonate filters of transwell cell culture chambers (8-m pore size; Corning, Lowell, MA) were coated with 50 l of growth factor-reduced Matrigel (BD Biosciences). Knockdown melanoma cells were added (3 ϫ 10 4 cells in 100 l) to the upper chamber in serum-free medium. The lower chamber was filled with normal melanoma growth medium, thereby establishing a soluble gradient of chemoattractants that promoted cellular invasion. The cells were allowed to invade for 24 h at 37°C, at which time the Matrigel and cells associated with the upper surface of the membranes were removed with cotton swabs. Cells that had invaded through the Matrigel were fixed in 3.7% formaldehyde, and nuclei were stained with Hoechst reagent 33342 (Invitrogen). The extent of cell invasion was determined from random fields at 10ϫ magnification and quantified using Image-Pro Plus software.
resuspended in Laemmli's sample buffer. Precipitated Rho-GTP was determined by Western blot analysis.
Real-Time Quantitative Reverse Transcription (RT)-PCR
After knockdown, total RNA was extracted using the PURESCRIPT RNA Isolation kit (Gentra Systems, Minneapolis, MN). RNA was reverse transcribed, and the resulting cDNA was used to detect mRNA abundance with primers for actin (forward TACCTCATGAAGATCCTCACC and reverse TT-TCGTGGATGCCACAGGAC) and Rnd3 (forward 5Ј-AATAGAGTTGAGC-CTGTGGG-3Ј and reverse 5Ј-CTAATGTACTAACATCTGTCCGC-3Ј). Rnd3 primers give a product of ϳ230 base pairs, and their specificity was confirmed by melt curve analysis. Reactions were performed using SYBR Green mix and the MyiQ Real-Time PCR detection system (Bio-Rad). Final concentrations of the reaction components were: 50 mM KCl, 20 mM Tris-HCl, pH 8.4, 0.2 mM dATP/dCTP/dGTP/dTTP, 25 U/ml DNA polymerase, 3 mM MgCl 2 , and 200 nM forward and reverse primers. Reaction conditions were denaturation at 94°C for 30 s, annealing at 50°C for 30 s, and elongation at 72°C for 30 s; 40 cycles in total. Relative mRNA levels were calculated using the comparative C t method (⌬C t ) (Pfaffl, 2001) . Figure 1A ). Knockdown was selective because no effect was observed on either C-RAF or A-RAF (BoisvertAdamo and Aplin, 2006). B-RAF knockdown WM793 cells were less refractive and displayed increased cell area by an average of 39.6% (Supplemental Figure S1 , A and B) (Hingorani et al., 2003) . These observations prompted us to investigate the role of B-RAF in regulating the actin cytoskeleton in melanoma cells.
RESULTS

Mutant B-RAF Disrupts the Actin Cytoskeleton in Melanoma Cells
F-actin organization was determined in control and B-RAF knockdown cells by fluorescent microscopy. In control WM793 cells, F-actin structures were formed around the periphery of the cells with a few thin stress fibers located within the cell body ( Figure 1B ). By contrast, B-RAF knockdown in WM793 cells with either of the two B-RAF targeting siRNAs displayed enhanced levels of actin stress fibers, which traversed the cell body ( Figure 1B ). To address the specificity of B-RAF knockdowns, we mutated the human B-RAF V600E cDNA to introduce four base changes within the B-RAF #1 siRNA target site without altering the amino acid sequence, thereby allowing for expression of B-RAF V600E in melanoma cells treated with B-RAF #1 siRNA. The activity of this siRNA-resistant B-RAF (B-RAF V600E *) was comparable with the nonmutagenized B-RAF V600E , as measured by its ability to phosphorylate MEK1 in COS-7 cell cotransfection experiments (Supplemental Figure S2) . Expression of siRNA-resistant B-RAF V600E * in B-RAF #1 knockdown WM793 cells led to the disruption of actin stress fiber organization in 74% of cells ( Figure 1C ). In control experiments, expression of GFP prevented B-RAF knockdown-induced actin stress fiber formation in only 7% of cells ( Figure 1C ). To ensure the effects of B-RAF knockdown on the actin cytoskeleton were applicable to more than one cell line, we performed similar experiments in WM115 cells, a VGP cell line that expresses the activating B-RAF V600D mutation (Davies et al., 2002) . Overall, the F-actin content seemed to be less structured in control WM115 cells compared with the WM793 cells. Importantly, B-RAF knockdown enhanced actin stress fiber formation in WM115 cells ( Figure 1D and Supplemental Figure S3 ). In summary, these results show that mutant B-RAF regulates the actin cytoskeletal organization in melanoma cells.
The effects of B-RAF knockdown could possibly be attributed to cell cycle arrest because B-RAF knockdown inhibits cyclin D1 expression and G1-S cell cycle progression (Hingorani et al., 2003; Sharma et al., 2005; Bhatt et al., 2007) . However, knockdown of cyclin D1, which efficiently inhibits G1-S cell cycle progression in WM793 cells (Bhatt et al., 2005) , failed to promote actin stress fiber formation (Supplemental Figure S4 ). This provides evidence that B-RAF effects on the actin cytoskeleton are not mediated by cyclin D1-dependent downstream actions.
B-RAF Knockdown Regulates Focal Adhesions Dynamics
Focal adhesions mediate integrin-attachment to the extracellular matrix, anchor actin stress fibers, and modulate #1 siRNA knockdown WM793 cells were transfected with a myc-tagged mutant B-RAF V600E * that is resistant to duplex #1. Fixed cells were costained with TRITC-phalloidin and anti-myc antibody. Myc-tag staining was visualized using Alexa Fluor 488-conjugated anti-mouse secondary antibodies. Bottom, B-RAF #1 siRNA knockdown WM793 cells were transfected with GFP and stained for F-actin. (D) Vertical growth phase WM115 cells that harbor a B-RAF V600D mutation were transfected with control or B-RAF #1 siRNA and stained for F-actin, as described above. Bars, 50 m.
cell migratory behavior. We next determined whether B-RAF regulated focal adhesion organization. Control and B-RAF knockdown WM793 cells were stained for vinculin, a component of focal adhesions. Control knockdown cells displayed small punctate focal adhesions; by contrast, B-RAF knockdown cells displayed large elongated focal adhesions, which colocalized with the ends of stress fibers (Figure 2A ). Quantitation showed no dramatic difference in the numbers of vinculin-staining focal adhesions between control and B-RAF knockdown cells (Figure 2B) . However, the average area of focal adhesions and the number of large (Ͼ1 m 2 ) focal adhesions were increased after B-RAF knockdown (Figure 2, C and D) . Focal adhesions are enriched in tyrosine-phosphorylated proteins, and larger focal adhesions were also detected after B-RAF knockdown by immunofluorescence with antiphosphotyrosine antibodies ( Figure 2E ).
The formation of larger focal adhesions in B-RAF knockdown cells is suggestive of altered focal adhesion turnover. Hence, we monitored focal adhesion dynamics by examining cells expressing GFP-vinculin. Control and B-RAF knockdown cells were transiently transfected with a GFPvinculin expression plasmid before acquiring time-lapse images of vinculin-containing focal adhesions. In control siRNA knockdown cells ( Figure 2F , top, and Supplemental Figure S5A and S5C), GFP-vinculin formed small focal adhesion structures that frequently assembled, disassembled, and translocated along the cell periphery during the 20-min imaging period. In contrast, B-RAF knockdown cells displayed GFP-vinculin that was incorporated into larger focal adhesions, and its presence in these structures was stable over the time period measured ( Figure 2F , bottom, and Supplemental Figure S5B and S5D).
Mutant B-RAF Regulates Rho Activity but Does Not Alter ROCK Expression
Actin stress fiber formation is a characteristic feature of Rho GTPase signaling (Ridley and Hall, 1992) ; hence, we analyzed Rho GTPase levels by using the rhotekin-RBD pulldown assay. Total levels of Rho did not change after B-RAF knockdown in WM793 cells ( Figure 3A) , as measured using an antibody that recognizes RhoA/B/C; however, GST-RBD pulled down 3.9-fold more GTP-bound RhoA/B/C from lysates of B-RAF knockdown cells compared with controls ( Figure 3, A and B) , suggesting enhanced Rho activity.
We next determined whether the effects of B-RAF knockdown on the actin cytoskeleton were dependent on increased Rho activity. Initially, B-RAF knockdown WM793 cells were transfected with a C3 transferase expression construct. C3 transferase is a clostridium botuli- num exoenzyme that ADP-ribosylates and inhibits Rho GTPase activity (Sekine et al., 1989) . Expression of C3 transferase in WM793, as determined by cotransfection with GFP, disrupted actin stress fibers in B-RAF knockdown cells ( Figure 3C ). We also used a construct encoding the Rho binding domain of mDia1 (mDia1N1) that interacts selectively with Rho-GTP, but not Rac1-GTP or Cdc42-GTP, and it blocks GTP-Rho activation of multiple downstream effectors . Similar to expression of C3, mDiaN1 potently inhibited stress fiber formation in B-RAF knockdown WM793 cells ( Figure 3D ).
The findings that Rho signaling was required for enhanced actin stress fiber formation in B-RAF knockdown cells led to analysis of the Rho effector pathways used. Previous studies have shown that active MEK down-regulates expression of ROCKI and/or ROCKII (Sahai et al., 2001; Pawlak and Helfman, 2002a,b) . By Western blot analysis, we did not detect an alteration in the expression level of either ROCKI or ROCKII after B-RAF knockdown ( Figure 3E ). However, treatment of B-RAF knockdown cells with the ROCK inhibitor Y27632 attenuated actin stress fiber formation ( Figure 3F ). Together, these data show that signaling through the Rho/ROCK pathway enhances stress fiber formation after B-RAF knockdown. Our data do not rule out the involvement of additional Rho effectors.
LIM Kinase-2 Mediates Enhanced Actin Stress Fibers in B-RAF Knockdown Cells
Major effectors of Rho/ROCK signaling are the LIM kinases-1/2 (Maekawa et al., 1999; Ohashi et al., 2000b; Sumi et al., 2001) . To determine whether LIM kinases play a role in melanoma actin organization, we expressed HA-tagged forms of LIM kinase-1 or -2 in WM793 cells, and we analyzed actin stress fiber formation. Ectopic expression of wild-type LIM kinase-2 led to enhanced actin stress fiber formation; whereas LIM kinase-1 elicited moderate effects (Figure 4, A and B) . Quantitation showed that 66% of the LIM kinase-1 and 75% of the LIM kinase-2-expressing cells displayed enhanced stress fibers. In control experiments with GFP-expressing cells, only 16% of cells displayed prominent stress fibers (data not shown). Additionally, expression of kinase-dead LIM kinase-2 inhibited stress fiber formation induced by B-RAF knockdown in 67% of cells; whereas kinase-dead LIM kinase-1 only disrupted stress fibers in 17% of cells (Figure 4, C and D) . These results suggest that, after B-RAF knockdown, LIM 
Cofilin Phosphorylation Is Regulated by B-RAF
The actin-severing protein cofilin is the principal known LIM kinase substrate (Arber et al., 1998; Yang et al., 1998) . To investigate whether B-RAF signaling alters cofilin activity, we monitored phosphorylation at serine-3, which negatively regulates cofilin activity. B-RAF knockdown WM793 cells showed an average 4.5-fold increase in the level of phosphocofilin compared with that of control transfectants ( Figure  5A ). Likewise, B-RAF knockdown in WM115 cells increased cofilin phosphorylation by an average of 3.1-fold ( Figure 5B and Supplemental Figure S3 ). To examine the role of cofilin in melanoma cytoarchitecture, we analyzed the actin organization in B-RAF-depleted WM793 cells cotransfected with a constitutively active myc-tagged cofilin(S3A) mutant. Immunofluorescence staining showed that expression of myccofilin(S3A) prevented B-RAF knockdown generation of actin stress fibers ( Figure 5C ).
We next assessed the involvement of ROCKI/II in B-RAFmediated cofilin activation by treating cells with a ROCK inhibitor Y27632. Treatment with Y27632 lowered basal phospho-cofilin levels in control knockdown cells, and it moderately suppressed the increase in cofilin phosphorylation accompanying B-RAF knockdown ( Figure 5D ). This partial effect likely reflects an incomplete inhibition of ROCK activity by Y27632 and/or the involvement of additional Rho effectors. Nevertheless, these data implicate ROCKI/II signaling in B-RAF regulation of cofilin activation.
MEK Signaling Is Required for Actin Cytoskeletal Disruption and Cofilin Activation
Studies show that B-RAF is the main RAF activator of the MEK/ERK1/2 pathway (Huser et al., 2001; Mikula et al., 2001; Pritchard et al., 2004) . Treatment of WM793 cells with the pharmacological MEK inhibitor U0126, blocked ERK1/2 phosphorylation ( Figure 6A ) and it enhanced actin stress fiber formation ( Figure 6B) . Notably, despite the rapid inhibition of ERK1/2 phosphorylation by U0126, no alteration in actin organization was observed after short-term drug treatment. Rather, prolonged MEK inhibition (Ͼ12 h) was required to increase stress fiber formation. Consistent with a role for MEK signaling in the regulation of cofilin activity, treatment with U0126 enhanced cofilin phosphorylation ( Figure 6A ). Importantly, the kinetics of U0126-induced cofilin phosphorylation correlated with actin stress fiber formation. These data indicate that sustained MEK inactivation is necessary before the formation of stress fibers.
Oncogenic B-RAF Activation of the MEK-ERK1/2 Pathway Increases Rnd3 Expression
Rnd3 is a member of the Rho-family of small GTP-binding proteins that has been implicated in the negative regulation of actin stress fiber formation (Riento et al., 2003; Wennerberg et al., 2003; Chardin, 2006) . Furthermore, Rnd3 has been shown to be regulated by ectopic expression of C-RAF and MEK activity in Madin-Darby canine kidney (MDCK) cells (Hansen et al., 2000) . We determined whether B-RAF-MEK signaling was necessary for Rnd3 expression in melanoma cells. Incubation of WM793 cells with the MEK inhibitor U0126 resulted in a time-dependent reduction in the level of Rnd3 ( Figure 7A ). The reduction in Rnd3 levels by U0126 preceded the accompanying increases in cofilin phosphorylation and actin stress fibers (compare Figure 7A and Figure  6 , A and B). Expression of Rnd3 was also reduced after knockdown of total B-RAF or B-RAF V600E in WM793 cells ( Figure 7B ). Similar results were obtained in B-RAF knockdown WM115 cells ( Figure 7C and Supplemental Figure S3 ). Real-time quantitative RT-PCR analysis showed that Rnd3 mRNA abundance was decreased following B-RAF knockdown ( Figure 7D ), indicating that B-RAF regulates Rnd3 mRNA levels.
To determine whether B-RAF activation is sufficient to induce Rnd3 expression, normal human melanocytes were infected with an adenovirus to express a conditionally activated B-RAF (⌬B-RAF:ER*). Infected cells were cultured for 18 h in the absence or presence of tamoxifen, which enhances expression and activates the fusion protein. As expected, the addition of tamoxifen increased ERK1/2 phosphorylation in ⌬B-RAF:ER*-infected melanocytes ( Figure  7E ). The elevated ERK1/2 phosphorylation in the absence of tamoxifen is probably due to low amounts of agonist within serum or incomplete binding of 90-kDA heat-shock protein to the ⌬B-RAF:ER fusion (McMahon, 2001) . Western blot analysis showed that expression and activation of ⌬B-RAF: ER* was sufficient to induce the expression of Rnd3 in melanocytes and reduce cofilin phosphorylation at serine-3 ( Figure 7E ). These data show that B-RAF-MEK signaling regulates Rnd3 protein expression in melanocytic cells. 
Rnd3 Regulates Stress Fiber Formation, Focal Adhesion Remodeling, and Invasion
To determine whether Rnd3 participated in mutant B-RAF suppression of stress fibers, we transfected B-RAF knockdown WM793 cells with myc-tagged Rnd3 ( Figure 8A ) (Aspenstrom et al., 2004) . Expression of Rnd3 attenuated the increase in actin stress fiber formation that followed B-RAF knockdown ( Figure 8B ). Additionally, focal adhesions were more punctate in B-RAF knockdown cells expressing the myc-tagged Rnd3 ( Figure 8C ).
Finally, we determined the role of endogenous Rnd3 expression in WM793 cells. Depletion of Rnd3 using two different siRNA duplexes resulted in a modest yet consistent increase in cofilin phosphorylation (Figure 9 , A and B) and actin stress fiber formation ( Figure 9C ). Because alterations in the actin cytoskeleton and focal adhesions play an important role in promoting tumor cell invasion, Rnd3 knockdown cells were plated on Matrigel-coated transmembrane filters, and cell invasion was measured. Rnd3 knockdown cells displayed an approximate 40 -50% reduction in cell invasion compared with controls ( Figure 9D ). Together, these observations identify Rnd3 as a downstream target of mutant B-RAF that participates in oncogene-mediated regulation of actin organization and focal adhesion remodeling, and support, at least in part, the acquisition of an invasive phenotype.
DISCUSSION
Oncogenic signaling frequently leads to actin cytoskeletal reorganization; however, the underlying mechanisms are not completely understood. The serine/threonine kinase B-RAF is mutated in ϳ7% of all cancers (Davies et al., 2002) . Here, we demonstrate that mutant B-RAF expression in melanoma cells regulates actin cytoskeletal and focal adhesion organization. Furthermore, B-RAF control of the Rho antagonist Rnd3 contributes to oncogene-mediated reorganization of actin cytoskeleton and focal adhesions.
We initially focused on mutant B-RAF down-regulation of actin stress fiber formation and Rho activity. Our findings are consistent with studies in colon carcinoma cells that demonstrate that constitutive K-RAS signaling via MEK inhibits Rho activation and actin stress fiber formation (Vial et al., 2003; Pollock et al., 2005) . Although Rho activity is reduced in both melanoma and colon carcinoma cells, the molecular mechanisms mediating these changes are distinct. In colon cancer cells, MEK-regulated expression of Fra-1, an AP-1 family member, reduced actin stress fiber formation by inactivating ␤1 integrins (Vial et al., 2003; Pollock et al., 2005) . Our results suggest a model in which mutant B-RAF promotes melanoma cell invasion at least in part through its control of Rnd3, which inhibits the Rho/ROCK/LIM kinase/cofilin signaling pathway leading to actin stress fiber suppression and focal adhesion turnover ( Figure 9E ). The combined data reinforce the notion that the MEK/ERK pathway balances Rho activation, although context dependent differences in the mechanism of cross talk may exist.
In contrast to our findings in human melanoma cells, Pritchard et al. (2004) have shown that B-RAF Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) have disorganized actin stress fibers and reduced ROCKII expression. Differences may be due to a transient depletion of B-RAF in our knockdown experiments compared with long-term knockout. Consistent with this notion, we found that knockdown of B-RAF in human foreskin fibroblasts was not associated with discernible changes in actin stress fibers or ROCKII expression (Supplemental Figure S6) . Others have shown MEK-dependent alterations in the Rho effectors ROCKI/II disrupt actin stress fiber organization (Sahai et al., 2001; Pawlak and Helfman, 2002a; Pawlak and Helfman, 2002b) . We found that ROCKI/II expression was not regulated by B-RAF, although ROCK and LIM kinase signaling were required for B-RAF knockdown mediated stress fiber formation. Cofilin is known to be an important contributor to actin organization downstream of ROCK/LIM kinase (Maekawa et al., 1999) and its activation has been linked to the formation of cell protrusions (Ghosh et al., 2004) , the assembly and stability of invadopods (Yamaguchi et al., 2005) , and the invasion and metastasis of breast cancer cells (Wang et al., 2006) . Our results show that mutant B-RAF controlled cofilin phosphorylation. Because cofilin regulates focal adhesions (Sumi et al., 1999; Dang et al., 2006) , it is likely to contribute, at least in part, to altered focal adhesion dynamics after B-RAF knockdown. Although our studies in VGP melanoma cells implicate inhibition of Rho/ROCK signaling in the suppression of actin stress fibers, we cannot rule out a requirement for enhanced Rho GTPase activity during later stages of melanoma progression. Enhanced expression of RhoC has been correlated with the metastasis of melanoma cells (Clark et al., 2000) , and Rho/ROCK signaling is required for the invasive activity of metastatic melanoma cells . Notably, in a mammary adenocarcinoma model, RhoC is dispensable for the initiation and progression of primary tumors, but it is essential for metastasis (Hakem et al., 2005) .
Finely balanced Rho activation regulates cell migration in part through its control of focal adhesion turnover (Webb et al., 2004; Gupton and Waterman-Storer, 2006) . We show that mutant B-RAF signaling regulates focal adhesions in melanoma cells. ERK1/2 activation has previously been shown to regulate focal adhesion turnover (Webb et al., 2004) , through its modulation of focal adhesion proteins (Fincham et al., 2000; Ishibe et al., 2004) , proteases (Carragher et al., 2003) , and/or contractile machinery (Klemke et al., 1997) . Importantly, our data suggest that ERK regulation of Rnd3 expression is a contributing factor to focal adhesion remodeling in cells expressing mutant B-RAF.
Our studies highlight Rnd3 as a regulator of cross talk between B-RAF/MEK/ERK and the Rho/ROCK signaling pathways. We demonstrate that B-RAF is necessary in melanoma and sufficient in melanocytes to elevate Rnd3 levels. These findings corroborate and extend the previous findings that Rnd3 expression is increased in MDCK cells transformed by the expression of activated C-RAF (Hansen et al., 2000) and MEK-regulated in melanoma lines (Shields et al., 2007) . In the latter study, Rnd3 mRNA levels were typically elevated in mutant B-RAF or N-RAS cell lines compared with melanocytes and melanoma lines that contained wildtype B-RAF/N-RAS (Shields et al., 2007) .
Rnd3 is largely GTP-bound within cells, due to structural alterations that lower its GTP hydrolysis rates (Foster et al., 1996; Guasch et al., 1998) . Consequently, alterations in Rnd3 expression (Hansen et al., 2000; Villalonga et al., 2004; Riento et al., 2005) and/or localization (Foster et al., 1996; Nobes et al., 1998) have been proposed to be responsible for its effects. The importance of Rnd3 expression in cancer progression is poorly understood. Rnd3 is down-regulated in prostate cancer (Bektic et al., 2005) , whereas it is up-regulated in pancreatic cancer (Gress et al., 1996) . Although in one study the expression of Rnd3 correlated with transformation (Hansen et al., 2000) , others have shown that Rnd3 expression inhibits Ras and C-RAF-induced transformation of NIH-3T3 cells (Villalonga et al., 2004; Riento et al., 2005) . Furthermore, Rnd3 expression supports increased cell migration of MDCK cells (Guasch et al., 1998) , but it suppresses p53 Ϫ/Ϫ MEF invasion through Matrigel (Gadea et al., 2007) . Together, these reports suggest that Rnd3 may have a complicated role in cell transformation, migration, and invasion.
Our results implicate mutant B-RAF control of Rnd3 in the disruption of the actin cytoskeleton and large/mature focal adhesions in melanoma. Consistent with Rnd3 acting as an antagonist of Rho/ROCK signaling, Rnd3 knockdown led to the formation of actin stress fibers, albeit not as prominent as those formed after B-RAF knockdown. Therefore, it seems likely that additional mutant B-RAF controlled mechanisms participate in the regulation of melanoma cytoskeletal organization. Nevertheless, our results implicate Rnd3 as a B-RAF target and regulator of the actin cytoskeleton and cell invasion in melanoma.
In summary, we provide the first evidence that B-RAF regulates cytoskeletal organization and focal adhesion turnover in melanoma cells. These effects are mediated through control of the Rho/ROCK/LIM kinase/cofilin pathway. Furthermore, Rnd3 acts downstream of B-RAF and serves as an important regulator of cross talk between the RAF/ MEK/ERK and Rho/ROCK signaling pathways. These findings underscore the need to identify mechanisms contributing to the expression and function of Rnd3 in melanoma. 
